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Summary
Ca2+-dependent gene expression is critical for cell growth,
proliferation, plasticity, and adaptation [1–3]. Because
a common mechanism in vertebrates linking cytoplasmic
Ca2+ signals with activation of protein synthesis involves
the nuclear factor of activated T cells (NFAT) family of tran-
scription factors [4, 5], we have quantified protein expres-
sion in single cells following physiological Ca2+ signals by
usingNFAT-driven expression of a genetically encoded fluo-
rescent protein. We find that gene expression following
CRAC channel activation is an all-or-nothing event over
a range of stimulus intensities. Increasing agonist concen-
tration recruits more cells but each responding cell does
so in an essentially digital manner. Furthermore, Ca2+-
dependent gene expression shows both short-term memory
and strong synergy, where two pulses of agonist, which are
ineffectual individually, robustly activate gene expression
provided that the time interval between them is short. Such
temporal filtering imparts coincidence detection to Ca2+-
dependent gene activation. The underlying molecular basis
mapped to time-dependent, nonlinear accumulation of
nuclear NFAT. Local Ca2+ near CRAC channels has to rise
above a threshold level to drive gene expression, providing
analog control to the digital activation process and a means
to filter out fluctuations in background noise from activating
transcription while ensuring robustness and high fidelity in
the excitation-transcription coupling mechanism.
Results and Discussion
Tomeasure gene expression in individual cells, we transfected
rat basophilic leukemia (RBL)-1 cells (an immortalized mast
cell line) with a fusion gene coding for GFP driven by a nuclear
factor of activated T cells 1 (NFAT1) promoter. Because GFP is
relatively stable within the cytoplasm [6], NFAT-driven GFP
expression largely reflects transcriptional and translational
control and not protein breakdown (see Figure S1 available
online). In resting cells, NFAT1 is extensively phosphorylated,
localizing to the cytoplasm [4]. Ca2+ entry through store-oper-
ated CRAC channels in RBL cells dephosphorylates NFAT1
through activation of the Ca2+-dependent phosphatase
calcineurin [7], as established in T cells [5, 8, 9, 10]. NFAT
then translocates to the nucleus, where it regulates gene
expression. Activation of CRAC channels with thapsigargin
(0.1–2 mM for 20 min) led to GFP expression (Figure 1A), in
a significant fraction of cells (Figure 1B). GFP expression
was inhibited following pretreatmentwith either the calcineurin
blocker cyclosporin A (Figure 1B) or the CRAC channel blocker
Synta66 ([11]; Figure 1C, labeled Synta then Thap). Application*Correspondence: anant.parekh@dpag.ox.ac.ukof Synta66 just 10 min after thapsigargin exposure brought
cytoplasmicCa2+ back to resting levels within 4min (Figure 1H)
but failed to reduce subsequent gene expression (Figure 1C,
labeled Thap then Synta). Hence a relatively short pulse of
Ca2+ influx through CRAC channels is sufficient to initiate
transcription. These results are in agreement with a report
that another NFAT, NFAT4, exhibits a working memory of the
preceding Ca2+ signal [12].
We varied the concentration of thapsigargin and mea-
sured NFAT1-dependent GFP expression 36 hr later, when
protein translation had peaked (e.g., Figure 1G). At concentra-
tionsR100 nM, thapsigargin evoked Ca2+ release, followed by
store-operated Ca2+ entry (Figure 1D). Low thapsigargin
concentrations (1–10 nM) released significant amounts of
stored Ca2+ (1 nM thapsigargin released 19%6 4% of the total
ionomycin [1 mM]-mobilizable intracellular Ca2+ store), but this
did not produce a detectable Ca2+ signal, presumably because
release was too slow to overcome Ca2+ removal by plasma
membrane Ca2+ pumps. Nevertheless, 1–10 nM thapsigargin
evoked substantial Ca2+ entry (Figure 1D), which was signifi-
cantly larger than background Ca2+ entry (e.g., Figure 2A,
labeled no agonist). The percentage of GFP-positive cells
was graded with thapsigargin concentration (Figure 1E), but
quantification of GFP levels in responding cells revealed that
gene expression was an all-or-nothing process (Figure 1F).
The relationship between stimulus intensity and response
appears graded because weaker stimuli activate a smaller
proportion of cells, but these cells nevertheless respond digi-
tally. We do not think the dynamic range of our system is so
narrow that we are able to detect only a limited range of GFP
fluorescence intensities. Transfection with varying amounts
of GFP DNA under a cytomegalovirus (CMV) promoter led to
constitutively expressed GFP levels ranging from half to
almost 10-fold greater than that seen with thapsigargin-
evoked NFAT1-driven GFP expression.
Weobtained the kinetics of protein expression bymeasuring
GFP levels at different times after thapsigargin stimulation
(Figure 1G). GFP expression developed after a lag of w8 hr
and then increased sigmoidally. Regulated GFP expression
is w2.5-fold faster in hippocampal neurons stimulated with
high K+ [13], which might reflect differences both in cell types
and stimulus used.
An important but largely unexplored question concerns the
kinetics of each step in Ca2+-regulated gene expression. We
measured the time course of the cytoplasmic Ca2+ signal,
NFAT nuclear residency, and GFP expression in response to
stimulation with thapsigargin. Results are superimposed in
Figure 1H and the kinetics of each step summarized in Fig-
ure 1I. Cytoplasmic Ca2+ recovered rapidly after removal of
the stimulus (due to addition of Symta66). NFAT migration
into the nucleus started w3 min after the onset of the Ca2+
rise and developed with a half time of w8 min, as reported
previously [7]. NFAT residency in the nucleus lasted consider-
ably longer than the Ca2+ signal; onlyw1 hr after termination of
stimulation did nuclear levels of NFAT return to prestimulation
levels. GFP expression started w8 hr after stimulation. The
slow nuclear export of NFAT enables sufficient transcription
factor to remain within the nucleus to drive transcription long
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Figure 1. Supralinear Activation of GFP Expression by CRAC Channels
(A) Stimulation with thapsigargin (100 nM, 20 min) led to GFP expression in RBL-1 cells transfected with a GFP construct under an NFAT1 promoter.
(B) The percentage of GFP-expressing cells in response to thapsigargin was reduced by pretreatment (10 min) with cyclosporin A (1 mM).
(C) Block of CRAC channels with Synta66 (5 mM) abolished gene expression when applied prior to stimulation but did inhibit gene activation when applied
10 min after stimulation with thapsigargin. In (A)–(C), GFP expression was measured 24 hr after application of thapsigargin.
(D) Dose dependence of Ca2+ release and store-operated Ca2+ entry to thapsigargin.
(E) Relationship between thapsigargin concentration and percentage of cells that express GFP, measured 24 hr after stimulation.
(F) Quantification of GFP expression in each responding cell as a function of thapsigargin concentration.
(G) Time course of GFP expression following stimulation with thapsigargin (2 mM; 20min). After removal of thapsigargin, cells were continuously exposed to
Synta66 and cyclosporin A.
(H) Comparison of the kinetics of the Ca2+ signal, NFAT translocation andGFP expression following stimulationwith thapsigargin (2 mM for 20min). The y axis
indicates size of response. The Ca2+ signal was evoked by application of thapsigargin in 2 mM Ca2+ for 20 min followed by block of the channels with Synta
66. Cyclosporin A was also added. The time course of nuclear NFAT accumulation wasmeasured using an NFAT1 construct taggedwith GFP. Gene expres-
sion was taken from Figure 1G.
(I) Cartoon depicts a kinetic model for Ca2+-driven NFAT-dependent GFP expression. The half time (t1/2) for the Ca
2+ rise wasmeasured from experiments in
which Ca2+ was readmitted to cells with depleted stores. T1/2 for Ca
2+-dependent activation of NFAT (calcineurin-driven dephosphorylation) was taken from
[7], and NFATmigration to and from the nucleus wasmeasured in RBL-1 cells as described in [7]. The t1/2 for GFP expression wasmeasured from Figure 1G.
The cartoon provides an indication of the relative time courses. It does not take into account individual steps within each process.
Error bars denote SEM.
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243after the Ca2+ signal has declined, providing a mechanism for
short-term transcriptional memory.
The proinflammatory molecule leukotriene C4 (LTC4) is
a physiological trigger for many cell types, activating cysteinyl
leukotriene type I receptors [14]. In RBL-1 cells, low concentra-
tions of LTC4 evoke repetitive cytoplasmic Ca
2+ oscillations
that reflect Ca2+ release from InsP3-sensitive stores followed
by transient Ca2+ entry through CRAC channels [15, 16]. Ca2+
microdomains near open CRAC channels activate NFAT1
and subsequent gene expression [7]. Stimulation with
120 nM LTC4 in Ca
2+-free solution led to a series of Ca2+ oscil-
lations, which gradually ran down with time (Figure 2A). Read-
mission of external Ca2+ resulted in Ca2+ entry through CRAC
channels (Figure 2A). GFP was expressed following contin-
uous stimulation with LTC4, with w30% of cells responding
after 24 hr (Figure 2B). A lower dose of LTC4 (1 nM) alsotriggered oscillatory Ca2+ release and Ca2+ influx, albeit to a
lesser extent than seen in 120 nM LTC4 (Figure 2A). Over the
concentration range 1 nM to 180 nM, the proportion of cells
expressing GFP increased (Figure 2C) and, for each respond-
ing cell, absolute GFP fluorescence was similar (Figure 2D).
This all-or-nothing gene expression was maintained when
stimulus duration was reduced to 40 min (Figure 2D). Previous
studies on Jurkat T cells found that increasingly strong stimuli
recruited more cells but did not increase the extent of gene
expression in responding cells [17, 18]. Our results extend
these findings to a mast cell line and demonstrate that such
nonlinearity occurs to a physiological trigger acting through
CRAC channels.
By varying stimulus duration, we identified the minimum
stimulation time needed for NFAT-driven GFP expression
(Figure 2E). Significant expression occurred after just 5 min
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Figure 2. Gene Expression to Receptor Activation
(A) Stimulation with LTC4 evokes Ca
2+ oscillations in Ca2+-free solution followed by Ca2+ entry when external Ca2+ is readmitted. The rate of rise of the Ca2+
signal following Ca2+ readmission in response to 1 nM LTC4 wasw40% that seen with 120 nM.
(B) Continuous exposure to LTC4 activates GFP expression, measured 24 hr after the onset of stimulation.
(C) The number of GFP+ cells increases with agonist concentration (measured 24 hr after stimulation).
(D) The graph plots the GFP fluorescence in each responding cell against agonist concentration. Each point represents >40 single cells. Gene expression is
compared after exposure to LTC4 for the two times indicated. GFP expression was measured 24 hr after the onset of LTC4 stimulation. For 40 min stimu-
lation, LTC4 was removed after 40 min and the receptor antagonist montelukast (50 nM) added.
(E) Time course of GFP expression (measured after 24 hr) following exposure to 120 nM LTC4 for different times.
Error bars denote SEM.
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244stimulation with LTC4 and maximal response required only
w10–15 min exposure. This temporal pattern of NFAT1-driven
gene expression can be readily explained by the kinetics of
NFAT1 movement into and out of the nucleus (Figure 1I).
CRAC channel activation, NFAT1 dephosphorylation, and
transcription factor migration into the nucleus all proceed
considerably more quickly than NFAT1 export from the
nucleus [9]. A short agonist pulse is sufficient to induce signif-
icant NFAT1 accumulation within the nucleus, leading to gene
expression.
Substantial dephosphorylation of NFAT by calcineurin is
required for nuclear translocation [19], which has led to the
suggestion that NFAT acts as an integrative tracker. Transient
Ca2+ signals, paced at a frequency higher than NFAT rephos-
phorylation, should result in gradual net dephosphorylation
[20, 21]. Despite its potential importance in decoding the
Ca2+ signal, the physiological relevance of integrative tracking
is unclear. To address this, we applied two pulses of LTC4
(2 min duration), at an interpulse interval of 10 min. Whereas
no gene expression occurred in response to the first pulse
(Figure 3A), several cells expressed GFP after the second
pulse. If integrative tracking is taking place, increasing the
time between the pulses should allowNFAT rephosphorylation
to occur and thus prevent the second pulse from activating
gene expression. No significant gene expression occurred
when the interpulse interval was increased to 45 min(Figure 3A). Varying the interpulse interval revealed a temporal
bandwidth ofw15 min for this form of paired pulse facilitation
(Figure 3B). Mechanistically, this highly nonlinear activation of
gene expression by the second physiological pulse could
reflect cytoplasmic activation of NFAT. In this scheme, the first
Ca2+ pulse leads to transient activation of calcineurin and
partial dephosphorylation of NFAT. When the second Ca2+
pulse is applied shortly after the first, further dephosphoryla-
tion of NFAT occurs, leading to integrative tracking. The slow
export of NFAT1 from the nucleus provides an alternative
mechanism. The second Ca2+ pulse would lead to accumula-
tion of NFAT1 within the nucleus that adds with NFAT already
present after the first pulse. If gene activation has a threshold
requirement for nuclear NFAT, then this might be exceeded
only after the second pulse. If nuclear build-up of NFAT under-
lies integrative tracking, then the first and second LTC4
pulses should each lead to similar incremental increases in
nuclear NFAT accumulation. By contrast, if tracking arises
from cytoplasmic dephosphorylation of NFAT, then one would
predict no NFAT translocation after the first LTC4 pulse but
near maximal movement after the second pulse. The first
LTC4 pulse evoked no detectable nuclear translocation of
a GFP-tagged NFAT1 construct (Figure 3C; [7]), whereas
robust migration was seen in response to the second pulse
5–10 min later (Figures 3C and 3D). The overall extent of
nuclear translocation evoked by the second pulse was only
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Figure 3. A Paired Pulse Protocol Reveals Synergy in Gene Expression
(A) Whereas a 2min pulse of 120 nM LTC4 failed to increase the number of GFP-expressing cells (compared with basal conditions, i.e., nonstimulated cells),
a second identical pulse 10min later evoked a large increase in the number of cells expressingGFP. Increasing the interpulse interval to 45min abolished the
synergy.
(B) The graph shows the effects of varying the interpulse interval on number of GFP+ cells.
(C) Dependence of NFAT nuclear translocation on the interpulse interval. NFATmovementwasmeasured usingNFAT taggedwithGFP. Basal denotes a non-
stimulated cell; LTC4 pulse (2 min) is a single pulse; LTC4 paired pulse denotes the response after the second LTC4 pulse, at the time interval indicated. LTC4
pulse (40 min) denotes continuous exposure to LTC4 for 40 min. Images shown were taken 10 min after the last stimulation in each case. Basal was taken
after 10 min standing at room temperature.
(D) Aggregate data from several cells (each point is >6 cells) is compared.
Error bars denote SEM.
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245slightly less than that seen in response to 40 min continuous
exposure to LTC4, amaximal stimulus (Figure 3C). NFAT trans-
location was robust when the interpulse interval was 5–10 min
(Figure 3D), but translocation decayed as pulse interval
lengthened, similar to that seen in the gene-expression exper-
iments (Figure 3B). Collectively, these results demonstrate
that (1) integrative tracking is physiologically relevant, and
(2) it is due to nonlinear accumulation of nuclear NFAT, consis-
tent with the idea put forward by others [20, 21]. Mechanisti-
cally, nonlinear accumulation could arise if the second LTC4
pulse produced a larger local Ca2+ signal, activated calcineurin
more effectively, triggered dissociation of the scaffold
complex of NFAT, and associated kinases [22] or reduced
activity of nuclear NFAT kinases that accelerate NFAT nuclear
export [23]. BecauseCa2+microdomains build up and collapse
within tens of microseconds [24], it is unlikely that the local
Ca2+ signal will differ appreciably between the two LTC4
pulses, especially because LTC4 does not enhance CRAC
channel activity.
In Jurkat T cells, repetitive Ca2+ pulses through CRAC chan-
nels have been produced using a thapsigargin-based Ca2+
clamp method [25]. Using this protocol, we found that two
identical Ca2+ pulses (each of 1 min duration) spaced 10 min
apart led to robust NFAT nuclear translocation, whereas
a single pulse or two pulses applied at an interval of 45 min
were ineffective (Figure S2), in agreement with our results
using LTC4.An important regulator of NFAT-dependent gene expression
was the extent of the local Ca2+ rise. Despite significant Ca2+
entry through CRAC channels in response to 1 nM thapsigar-
gin (Figure 1D), NFAT1-driven gene expression did not occur
(Figure 1E). A low thapsigargin concentration activates fewer
CRAC channels than high thapsigargin, but each recruited
CRAC channel has a high open probability [26]. Because we
used the same external Ca2+ concentration (2 mM) for low
and high thapsigargin and the membrane potential was similar
after both stimuli (277 6 4 and 271 6 3 mV, respectively), the
electrochemical gradient is the same for both conditions.
Hence the local Ca2+ signal will be similar for each open
channel. Therefore, a few open channels are not sufficient for
NFAT activation. Moreover, for the same number of open
channels (same concentration of agonist), the size of the local
Ca2+ signal is also important. Reducing the electrical gradient
for Ca2+ entry by blocking inwardly rectifying K+ channels
with Cs+ (Figure 4A) [27] depolarizes the membrane potential
from 280 mV to 240 mV, reducing Ca2+ entry through CRAC
channels w2-fold [28]. Ca2+ oscillations to LTC4 were still
evoked in the presence of Cs+ (Figure 4B), but now were
considerably less effective in activating GFP expression
(Figures 4C and 4D). Hence a threshold exists for (1) the
number of open CRAC channels and (2) the size of the local
Ca2+ signal within the microdomain.
Our results reveal several new and unexpected aspects
of Ca2+-dependent mammalian gene expression. First, they
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(D) Aggregate data is summarized.
Error bars denote SEM.
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246define a form of memory in nonexcitable cells in which Ca2+-
dependent gene expression continues long after both the
initial Ca2+ trigger and its effector (NFAT) have returned to
prestimulation levels in the cytoplasm. Second, the highly
nonlinear recruitment of NFAT1 into the nucleus following
pulsatile Ca2+ signals enables strong Ca2+-dependent facilita-
tion of gene expression to occur. Ca2+ pulses, too brief to drive
transcription individually, synergize to activate robust protein
expression, providing a mechanism whereby agonists can
reinforce one another to activate nuclear events, provided
the time interval between them is short. This affords a form
of coincidence detection, in which robust gene expression
occurs when two subthreshold stimuli impinge within a short
time period of one another. Third, only a fraction of the total
NFAT1 pool is needed to activate gene expression. We calcu-
late that after 5 min of stimulation, nuclear accumulation is
w30% of the total available NFAT1 pool, yet this is sufficient
for almost maximal NFAT1-driven gene expression. The calcu-
lation is based on measurements of tagged NFAT1 and does
not take into account nuclear accumulation of endogenous
transcription factor. However, this proceeds with time courses
that are broadly similar to those observed with tagged NFAT
and will therefore not alter the fraction of NFAT substantially
[13, 29]. Hence there is a large reserve capacity of transcription
factor, ensuring high reliability in Ca2+-transcription coupling.
Finally, our results reveal that reporter gene expression canbe an all-or-nothing process, with similar levels of protein
expression over a range of stimulus intensities. This is not to
say that gene expression cannot be graded, regulated protein
degradation is likely to play an important role, although this is
not the case for GFP. Nevertheless, our data indicate that Ca2+
activation of gene expression can be a supralinear process.
Key pathways in receptor-driven excitation-transcription
coupling are recruited nonlinearly. The CRAC current develops
in an all-or-nothing manner following receptor stimulation
[30] and NFAT activates in a nonlinear manner too [19]. These
sequential nonlinear inputs give rise to a highly nonlinear
output. Nevertheless, analog regulation is imparted by the
presence of a threshold, above which local Ca2+ near CRAC
channels has to rise in order to initiate gene expression.
Supplemental Information
Supplemental Information includes two figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.
1016/j.cub.2011.12.025.
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